Quantum cascade ͑QC͒ lasers with double metal-semiconductor waveguide resonators are reported for operating wavelengths of 19, 21, and 24 m. The waveguides are based on surface-plasmon modes confined at the metal-semiconductor interfaces on both sides of the active region/injector stack and are not restricted by a cutoff wavelength for the TM polarized intersubband radiation. The double metal-semiconductor resonator devices are fabricated using an epilayer transfer process. Optical confinement factors close to 1 are obtained, with low waveguide losses. The performance of the devices is compared with that of QC lasers based on single-sided surface-plasmon waveguides. The concept of QC laser with double metal-semiconductor waveguide is applicable to a much wider wavelength range. © 2002 American Institute of Physics. ͓DOI: 10.1063/1.1469657͔ Recent research on quantum cascade ͑QC͒ lasers has led to an impressive extension of the frequency range, 1-3 as well as in overall device performance. In the midinfrared range higher operating temperatures and optical power, and ultrahigh-speed operation and mode locking have been achieved. 4 Recently, QC lasers operating at very long wavelengths at 21.5 and 24 m were reported, and cw operation was demonstrated for a surface-plasmon QC laser operating at ϭ19 m.
Recently, QC lasers operating at very long wavelengths at 21.5 and 24 m were reported, and cw operation was demonstrated for a surface-plasmon QC laser operating at ϭ19 m.
1,2 While the QC laser scheme is in principle well scalable to even longer wavelengths on the other side of the Reststrahlenband, fast nonradiative relaxation rates and increased free carrier absorption make this difficult. Furthermore, the required thickness of the epilayers for dielectric waveguiding is roughly proportional to the operating wavelength, thus leading to very thick epitaxial layers.
The realization of long-wavelength QC lasers was therefore strongly helped by the introduction of surface-plasmon waveguides. In addition, these waveguides are not restricted by a cutoff wavelength for TM polarized light, thus allowing an application even for very long wavelengths. 5 In the QC lasers with single-sided surface-plasmon waveguides, [1] [2] [3] 6 the modes were guided by the metal of the top contact. Additional dielectric confinement of the mode at the substrate side was achieved by the refractive index contrast between the InGaAs/InAlAs layer and the InP substrate. The bottom confinement still allows a certain overlap of the mode with the substrate and special attention has to be paid to keep the additional waveguide losses small. Free carrier absorption in the substrate turns out to be a significant contribution to the losses: in Ref. 1 this problem was addressed with the realization of a double-sided surface-plasmon waveguide for a 21.5 m laser by inserting a 750-nm-thick highly doped InGaAs plasmon layer between the active region and the InP substrate. 1 However, an increase in threshold was observed for this device resulting from the penetration of the mode into the n ϩϩ layer. Calculations show in fact that, although the highly doped n ϩϩ layer could ideally behave as a perfect ''metal,'' for realistic doping levels the mode always penetrates the n ϩϩ layer, causing an increase in the waveguide losses.
A solution to this problem at long wavelengths can be obtained by a double metal cladding, which delivers a high confinement factor ͑⌫Ϸ0.98͒ and low waveguide losses. In the case of a double metal-semiconductor waveguide the losses are only determined by the free carrier absorption in the active region and by the penetration of the mode into the metal layer, which decreases with increasing wavelength. 7 In this letter we present the realization of QC lasers with double metal-semiconductor waveguide resonator operating at 19, 21, and 24 m emission wavelengths. The emission energies are very close to the Reststrahlenband for InGaAs and have been chosen to lay at pronounced minima of the InGaAs two-phonon absorption spectrum. 8 In addition, the doping densities in the injectors have been kept reasonably low (n s ϭ1.5ϫ10 11 cm Ϫ2 ) to reduce free carrier absorption. All three laser structures have been grown by molecular beam epitaxy using lattice matched In 0.53 Ga 0.47 As/ Al 0.48 In 0.52 As on InP substrate. The active regions and injectors, which are identical to the ones used in Refs. 1 and 2, were embedded between two 400-Å-thick InGaAs layers n doped to 1ϫ10 17 cm Ϫ3 and sandwiched between two n ϩϩ InGaAs layers ͑100-Å-thick on top, 200-Å-thick on bottom͒ for contact purposes. 75 periods have been grown for the ϭ19 m structure, and 80 periods each for the ϭ21 and ϭ24 m ones. The total thickness of the epitaxial layers was between 5.9 and 6.24 m ͓a schematic of the sample layer sequence is shown in the inset of Fig. 1͑b͔͒ . For the realization of the double metal-semiconductor waveguide an epilayer transfer process was employed. As a first step, the wafers were cleaved into 6ϫ12 mm large pieces and metallized at the epilayer surface with a 2-mthick gold layer: this is one of the two surface-plasmoncarrying layers and, at the same time, the wafer-bonding layer. The samples were then pressure bonded at 210°C with InGaAs layer and therefore only the InGaAs/AlInAs epilayers bonded to the GaAs substrates are left. On this sample, that is the QC laser active region bonded to a GaAs substrate, device processing was then performed. Conventional laser ridges of various widths ͑30-45 m͒ were defined by optical contact lithography and wetchemical etching. The ridges were etched approximately through the thickness of the total epilayer. Instead of the standard Si0 2 or SiN ͑Ref. 9͒ an 800-nm-thick chalcogenide layer ͑GeSSe͒ was laser deposited as insulator. After opening a window into the insulation layer, a Ti/Au top contact was deposited, leaving a wide portion of the top of the ridges open for the deposition of a second, 300-nm-thick surfaceplasmon-carrying gold layer. The devices were then cleaved into laser bars and soldered to copper blocks, or removed from the GaAs substrates and directly attached to the copper block. Wires were finally attached to the top contact with a conducting silver epoxy, in order to avoid ultrasonic bonding.
Our devices consist of the active material embedded between very thin ͑100-400 Å͒ InGaAs layers and the top and bottom metal layers. The total thickness is around 8 m. The vertical intensity profile of the mode ͓shown in Fig. 1͑a͒ for the ϭ21 m laser͔ was calculated using a transfer-matrix technique. The dielectric constants for the doped semiconductor layers were calculated using a Drude-Lorentz model, while the ones for gold were taken from Ref. 10 . As expected, a very high confinement factor is obtained ͑⌫ϭ0.98͒, and waveguide losses of Ϸ38 cm Ϫ1 . The calculated intensity profile of the surface-plasmon mode for a ϭ21 m laser with the conventional single-sided surface-plasmon processing 1, 6 is shown in Fig. 1͑b͒ . The low-doped (n ϭ1 -4ϫ10 17 cm Ϫ3 ) InP, due to its lower refractive index compared to that of the InGaAs/AlInAs layers, actually provides a good optical confinement ͑⌫ϭ0.92͒ with low waveguide losses (␣ w Ϸ40 cm Ϫ1 ), despite the presence of the 200-Å-thick n ϩϩ bottom contact layer. The two waveguiding approaches have therefore almost equivalent performance: the penetration depth into the metal layer is small enough making a double metal-semiconductor waveguide possible, but at the same time confinement through the low-doped InP substrate is still a viable solution. With increasing wavelengths, however, the performance of the double metal-semiconductor waveguide improves, while for the single-sided surface-plasmon waveguide the penetration of the mode into the doped substrate leads to an increase of the optical loss. The double metal-semiconductor waveguide makes it thus possible to use the same waveguide concept from the far-infrared wavelength range to the millimeter wave range. Figure 2 shows the threshold current density as a function of temperature for two QC lasers emitting at ϭ21 m and processed with a double metal-semiconductor waveguide ͑filled circles͒, and a single-sided surface-plasmon waveguide ͑open squares͒, respectively. Typical low temperature ͑5 K͒ laser emission spectra for all the QC lasers realized with a double metal-semiconductor waveguides are reported in the insets of Fig. 2 . The temperature behavior is similar in the two cases, in agreement with the similar waveguide losses, but the double metal-semiconductor device exhibits a slightly lower maximum temperature of operation ͑170 K instead of 180 K͒, probably due to worse thermal sinking. In addition the devices mounted directly on copper showed only a slightly improved thermal performance than the ones mounted on GaAs substrate, showing that the limiting factor is the thermal resistance of the bonding layer, not the conductance of the substrate material. A 21.5 m QC laser with a double-sided surface-plasmon waveguide, where the low-doped buffer layer is replaced by a highly doped n ϩϩ -InGaAs, was previously realized ͑see Ref. 1͒. Its threshold current density ͑marked by an arrow in Fig. 2͒ was much higher, in accordance with waveguide losses calculations, due to the penetration of the mode into the highly lossy n ϩϩ layer: the double metal-semiconductor waveguide completely solves this problem and it seems a much better waveguide for an extension to even longer wavelengths, into the THz range. Figure 3 shows the light-output and voltage versus current (L -V -I) characteristic of a 21 m QC laser with single-sided surface-plasmon waveguide ͓Fig. 3͑a͔͒ and double metal-semiconductor waveguide ͓Fig. 3͑b͔͒, respectively. The maximum power emitted by the two devices is similar, we estimate a few mW ͑the power scale is the same for both the panels͒. This demonstrates that, for wavelengths around and above 20 m, the double metal-semiconductor waveguide is performing well, and is comparable to the single metal one. In addition, this is a confirmation of our calculations, which show that the losses and hence the threshold current densities and slope efficiency of the two different waveguides should be very similar at these wave- lengths. The L -I characteristics show that for low currents the light output of the double metal-semiconductor waveguide laser is actually higher than that of the single-sided surface-plasmon one. At higher drive currents instead the light intensity of the double metal-semiconductor device drops faster than that of the single-sided one. The effect can not be attributed to premature misalignment of the structure following the higher differential resistance ͓Fig. 3͑b͔͒, since the additional voltage falls on the contact ͑that is responsible for the increased resistance͒ and not on the device. We attribute this phenomenon to device heating problems: the increased dissipation is due to the decreased thermal properties of the double metal-semiconductor device, which results from not ideal bonding of the metallized interfaces. To support this, the duty cycle was varied and the results showed indeed that heat dissipation is limiting the device performance even for very short pulse lengths ͑Ϸ100 ns͒. As a matter of fact, the volume for initial heat dissipation is very small for the double metal-semiconductor device and the slow heat conduction to the substrate ͑or to the copper͒ through the bonding layer induces a fast rise of the temperature in the active region. An improved pressure bonding process may be a possible solution to this drawback.
In conclusion, we have demonstrated a QC laser with a double metal-semiconductor waveguide. The naturally TM polarized light from intersubband transitions in QC lasers Devices are 36 m wide and 800 m long. The arrow indicates the lowtemperature threshold current density of an identical device with a doublesided surface plasmon waveguide ͑Ref. 1͒ i.e., where a very thick n ϩϩ bottom layer acts as a ''metal.'' Measurements were performed in pulsed mode ͑25 ns pulse width, 25 kHz repetition rate͒. Optical emission was detected with a He-cooled silicon bolometer. Inset: pulsed ͑30 ns pulse width, 100 kHz repetition rate͒ emission spectra of all the devices realized with double metal-semiconductor waveguide. The spectra were measured in rapid scan using a Nicolet Fourier transform infrared spectrometer and a DTGS detector. The spectral resolution was set to 0.125 cm Ϫ1 .
FIG. 3. L -I -V characteristics of a 21
m QC laser with a single-sided surface-plasmon waveguide double metal-semiconductor waveguide ͑a͒ and ͑b͒. Lasers were operated in pulsed mode ͑50 ns pulse width, 5 kHz repetition rate͒ and a LN 2 -cooled HgCdTe detector was used. The dashed line is a low-temperature ͑8 K͒ current-voltage curve for the same devices.
